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FIG. 5
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FIG. 8B
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MULTI-COMPONENT INDUCTION
LOGGING SYSTEMS AND METHODS USING

REAL-TIME OBM BOREHOLE
CORRECTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application relates to application PCT/
US2011/030145, titled “Multi-step borehole correction
scheme for multi-component induction tools™, filed Mar. 28,
2011 by inventors Junsheng Hou and Michael Bittar. This
related application 1s hereby incorporated herein by refer-
ence.

BACKGROUND

In the field of petroleum well drilling and logging, resis-
tivity logging tools are frequently used to provide an indi-
cation of the electrical resistivity of rock formations sur-
rounding an earth borehole. Such information regarding
resistivity 1s useful 1n ascertaiming the presence or absence
of hydrocarbons. A typical resistivity logging tool includes
a transmitter antenna and a pair of recerver antennas located
at different distances from the transmitter antenna along the
axis of the tool. The transmitter antenna 1s used to create
clectromagnetic fields 1n the surrounding formation. In turn,
the electromagnetic fields in the formation induce an elec-
trical voltage 1n each receiver antenna. Due to geometric
spreading and absorption by the surrounding earth forma-
tion, the induced voltages 1n the two receiving antennas have
different phases and amplitudes. Experiments have shown
that the phase diflerence (®) and amplitude ratio (attenua-
tion, A) of the induced voltages 1n the receiver antennas are
indicative of the resistivity of the formation. The average
depth of mvestigation (as defined by a radial distance from
the tool axis) to which such a resistivity measurement
pertains 1s a function of the frequency of the transmitter and
the distance from the transmitter to the mid-point between
the two receivers. Thus, one may achieve multiple radial
depths of mnvestigation of resistivity either by providing
multiple transmitters at different distances from the receiver
pair or by operating a single transmitter at multiple frequen-
CIEs.

Many formations are electrically anisotropic, a property
which 1s generally attributable to extremely fine layering
during the sedimentary build-up of the formation. Hence, 1n
a formation coordinate system oriented such that the x-y
plane 1s parallel to the formation layers and the z axis 1s
perpendicular to the formation layers, resistivities R, and R,
in directions x and vy, respectively, are the same, but resis-
tivity R, in the z direction 1s difterent from R, and R,. Thus,
the resistivity in a direction parallel to the plane of the
formation (i.e., the x-y plane) 1s known as the horizontal
resistivity, R,, and the resistivity in the direction perpen-
dicular to the plane of the formation (i.e., the z direction) 1s
known as the vertical resistivity, R, . The index of anisotropy,
n, is defined as n=[R /R, ]"~.

The relative dip angle, 0, 1s the angle between the tool axis
and the normal to the plane of the formation. Resistive
amisotropy and relative dip angle each have significant
cllects on resistivity logging tool measurements. As a result,
resistivity logging systems should account for formation
anisotropy and relative dip if accurate resistivity logs are to
be obtained. In U.S. Pat. No. 6,163,155 (*Electromagnetic
wave resistivity tool having a tilted antenna for determining,
the horizontal and vertical resistivities and relative dip angle
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in anisotropic earth formations™), Michael Bittar discloses
one such approach that employs resistivity logging tools
having tilted transmitter and/or recerver antennas.

Bittar and Hu further disclose certain techmiques for
processing measurements from such tilted antenna logging
tools 1n applications PCT/US2006/062149 (*“Antenna cou-
pling component measurement tool having rotating antenna

configuration”) and PCT/US2007/064221 (*Robust mnver-

s1on systems and methods for azimuthally sensitive logging
tools™). The present application relates to application PCT/
2011/030145 by Hou and Baittar, which presents a multi-step
inversion scheme to determine measurements that have been
corrected for the effect of the borehole. While providing a
number ol potential advantages, the multi-step inversion
scheme 1mposes a computational resource demand that 1s
undesirably high.

BRIEF DESCRIPTION OF THE DRAWINGS

Accordingly, there are disclosed 1n the drawings and the
following description specific multi-component induction
(MCI) logging systems and methods with an improved
real-time o1l-based mud borehole correction scheme to at
least partly address this 1ssue. In the drawings:

FIG. 1 shows an illustrative logging while drilling envi-
ronment with dipping formation beds;

FIG. 2 shows an 1llustrative wireline logging environment
with dipping formation beds;

FIG. 3 shows an illustrative antenna configuration for a
LWD MCI logging tool;

FIG. 4A shows an 1llustrative antenna configuration for a
wireline MCI logging tool;

FIG. 4B shows an illustrative physical subarray model of
a wireline MCI logging tool suitable for defining a measured
conductivity tensor;

FIG. § 1s a schematic perspective view of a Cartesian
coordinate system in a sedimentary earth formation;

FIG. 6 shows a relationship between the coordinate sys-
tems of a tool, a borehole and a dipping formation bed;

FIG. 7 shows a relationship between the coordinate sys-
tems of an eccentric tool and a borehole;

FIGS. 8A-8C provide a flow diagram of an illustrative
MCI logging method that provides oil-based mud borehole
corrections for a measured conductivity tensor;

FIG. 9 shows an illustrative test geometry;

FIG. 10 shows simulated measurements of the 17-in and
80-1n subarrays for the test geometry;

FIG. 11 shows their borehole-corrected measurements for
the test geometry; and

FIG. 12 shows illustrative inversion parameters for the
test geometry using vertical one-dimensional inversion for
the borehole-corrected data.

It should be understood, however, that the specific
embodiments given in the drawings and detailed description
thereto do not limit the disclosure. On the contrary, they
provide the foundation for one of ordinary skill to discern
the alternative forms, equivalents, and modifications that are
encompassed together with one or more of the given
embodiments 1n the scope of the appended claims.

DETAILED DESCRIPTION

FIG. 1 shows a suitable context for describing the opera-
tion of the disclosed systems and methods. In the 1llustrated
logging while dnlling (LWD) environment, a drilling plat-
form 102 1s equipped with a derrick 104 that supports a hoist
106 for raising and lowering a drill string 108. The hoist 106
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suspends a top drive 110 that rotates the drill string 108 as
the dnll string 1s lowered through the well head 112. The
drill string 108 can be extended by temporarily anchoring
the dnll string at the well head 112 and using the hoist 106
to position and attach new drll pipe sections with threaded
connectors 107.

Connected to the lower end of the drill string 108 1s a drill
bit 114. As bit 114 rotates, i1t creates a borehole 120 that
passes through various formations 121. A pump 116 circu-
lates drilling fluid through a supply pipe 118 to top drive 110,
through the interior of drill string 108, through orifices in
drill bit 114, back to the surface via the annulus around drill
string 108, and into a retention pit 124. The dnlling fluid
transports cuttings from the borehole into the pit 124 and
aids 1n maintaining the integrity of the borehole 120.

Drilling fluid, often referred to in the industry as “mud”,
1s olten categorized as either water-based or oil-based,
depending on the solvent. Oil-based muds are generally
preferred for drilling through shaley formations, as water-
based muds have been known to damage such formations.

A multi-component induction logging tool 126 1s inte-
grated into the bottom-hole assembly near the bit 114. The
logging tool 126 may take the form of a dnll collar, 1.e., a
thick-walled tubular that provides weight and rigidity to aid
the drilling process. As the bit extends the borehole through
the formations, the bottomhole assembly collects multi-
component induction measurements (with tool 126) as well
as measurements of the tool orientation and position, bore-
hole size, drilling fluid resistivity, and various other drilling
conditions.

The orientation measurements may be performed using an
orientation indicator, which may include magnetometers,
inclinometers, and/or accelerometers, though other sensor
types such as gyroscopes may be used. Preferably, the
orientation indicator includes a 3-axis fluxgate magnetoms-
eter and a 3-axis accelerometer. As 1s known 1n the art, the
combination of those two sensor systems enables the mea-
surement of the rotational (*toolface”) angle, borehole 1ncli-
nation angle (aka “slope”), and compass direction (“azi-
muth™). In some embodiments, the toolface and borehole
inclination angles are calculated from the accelerometer
sensor output. The magnetometer sensor outputs are used to
calculate the borehole azimuth. With the toolface, the bore-
hole inclination, and the borehole azimuth information,
multi-component induction logging tools disclosed herein
can be used to steer the bit to the desirable bed.

In wells employing acoustic telemetry for LWD, down-
hole sensors (including multi-component induction logging,
tool 126) are coupled to a telemetry module 128 having an
acoustic telemetry transmitter that transmits telemetry sig-
nals in the form of acoustic vibrations in the tubing wall of
drill string 108. An acoustic telemetry receiver array 130
may be coupled to tubing below the top drive 110 to receive
transmitted telemetry signals. One or more repeater modules
132 may be optionally provided along the drill string to
receive and retransmit the telemetry signals. Of course other
telemetry techniques can be employed including mud pulse
telemetry, electromagnetic telemetry, and wired drill pipe
telemetry. Many telemetry techniques also offer the ability to
transfer commands from the surface to the bottomhole
assembly, thereby enabling adjustment of the tool’s configu-
ration and operating parameters. In some embodiments, the
telemetry module 128 also or alternatively stores measure-
ments for later retrieval when the bottomhole assembly
returns to the surface.

At various times during the drilling process, the drll
string 108 1s removed from the borehole as shown in FIG.
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2. Once the dnll string has been removed, logging opera-
tions can be conducted using a wireline logging tool 134,
1.€., a sensing instrument sonde suspended by a cable 142
having conductors for transporting power to the tool and
telemetry from the tool to the surface. A multi-component
induction logging portion of the logging tool 134 may have
centralizing arms 136 that center the tool within the borehole
as the tool 1s pulled uphole. A logging facility 144 collects
measurements from the logging tool 134, and includes
computing facilities for processing and storing the measure-
ments gathered by the logging tool.

FIG. 3 shows an illustrative logging while drilling tool
126 having antennas for acquiring multi-component imnduc-
tion logging measurements. Logging tool 126 has a tilted
transmit antenna 302 and two pairs of tilted receive antennas
304, 306 and 308, 310, thereby providing four transmit-
receive antenna pairings. As the tool rotates, 1t acquires
attenuation and phase measurements of each receive anten-
na’s response to transmit antenna 302. In certain alternative
embodiments, the tool measures mn-phase and quadrature-
phase components of the receive signals rather than mea-
suring amplitude and phase. In either case, these measure-
ments are collected and stored as a function of the tool’s
position and rotational orientation in the borehole.

The illustrated tool has receive antennas 304 and 308
oriented parallel to the transmit antenna 302, and receive
antennas 306 and 310 oriented perpendicular to the transmat
antenna. In the illustrated example, each of the antennas
share a common rotational orientation, with antennas 302,
304, 308 being tilted at —45° and antennas 306, 310 being
tilted at +45° relative to the longitudinal tool axis. In the
illustrative tool embodiments, each of the coil antennas
surrounding the tool 1s mounted 1n a recess and protected by
a non-conductive filler maternial and/or a shield having
non-conducting apertures. The tool body 1s primarily com-
posed of steel. The relative tool dimensions and antenna
spacings are subject to a great deal of variation depending on
the desired tool properties. The distance between the receive
coil pairs may be on the order of 0.25 m, while the spacing
of the transmit coil to the midpoint between the receiver
pairs may vary irom about 0.4 m to over 10 m.

As disclosed 1n U.S. patent application Ser. No. 12/294,
557 “Antenna Coupling Component Measurement
Tool . . . ” filed Sep. 25, 2008 by inventors Michael Bittar
and David Hu, the measurements taken by a tool of this kind
as 1t rotates enable a full set of orthogonal coupling com-
ponent measurements to be obtained at each point along the
borehole axis. The orthogonal coupling component mea-
surements correspond to the tool model shown 1n FIGS. 4A
and 4B. A triad of transmitters T,, T,, T, represent magnetic
dipole antennas oriented parallel to the tool’s X, y, and z axes
respectively. A triad of main receivers R.™, R,™, R.™ simi-
larly represent magnetic dipole antennas oriented along
these axes, as do a triad of bucking receivers R_?, Ryb R
The main recerver triad 1s spaced at a distance L from the
transmitter triad, and the bucking receiver triad 1s spaced at
a distance L, from the transmitter triad. The signal measure-
ments of the bucking receiver triad can be subtracted from
the main receiver triad to eliminate the direct signal from the
transmitter and increase sensitivity to formation properties.
As explained by Moran and Gianzero, imn “Effects of For-
mation Anisotropy on Resistivity Logging Measurements™
Geophysics, Vol. 44, No. 7, p. 1266 (1979), the magnetic
field h 1n the receiver coils can be represented in terms of the
magnetic moments m at the transmitters and a coupling
matrix C;

h=C m

(1)
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In express form, equation (1) 1s:

CH, Cox Cxy Ciz [[ M, (2)
H,|=|Cx C,, C.|| M|,
_Hz_ Cz.x Czy sz___Mz_

where M., M;, and M., are the magnetic moments (propor-
tional to transmit signal strength) created by transmitters T,
T,, and T, respectively. H., H,, H_, are the magnetic fields
(proportional to receive signal strength) at the receiver
antennas R, R, and R, respectively.

In the antenna configuration of FIG. 4B, if each trans-
mitter 1s fired in turn, and signal measurements are made at
cach recerwver in response to each firing, nine differential
measurements (R™-R”) are obtained. These nine measure-
ments enable the determination of a complete coupling
matrix C. (C,/=a,, V,;, where I 1s the index for receiver axis
X, V, Z, and I 1s the index for transmitter axis X, y, z, a,,1s a
constant determined by the tool design, and V, ,1s a complex
value representing the signal amplitude and phase shift
measured by recetver I in response to the firing of transmaitter
J.) Components of the apparent conductivity tensor o, are
proportional to the corresponding components of the cou-
pling matrix. Given a coupling matrix (or conductivity
tensor) for any given orientation of the tool, the system can
apply rotational transformations to determine a correspond-
ing matrix for any arbitrary tool orientation.

Referring momentarily back to FIGS. 1 and 2, note that
formations 121 are not perpendicular to the borehole, a
situation that may occur naturally or may occur due to
directional drnlling operations. When measuring formation
resistivity and orientation, 1t 1s convenient to use the for-
mation coordinate system shown in FIG. 5. FIG. 5 shows a
portion of a sedimentary formation bed, with the z-axis
oriented perpendicular to the plane of the formation, 1.e., 1n
the direction of the sedimentary accretion. As previously
mentioned, the formation resistivity when measured along
this axis 1s often different than formation resistivity mea-
sured 1n the x-y plane. In a dipping bed, the x-axis may be
chosen to be oriented in the direction of deepest ascent, 1.e.,
“uphill or downhill”. When the formation coordinate system
1s aligned 1n this manner, 1t may be termed a “strike-aligned”
coordinate system.

In addition to the tool coordinate system and the forma-
tion coordinate system, a third coordinate system 1s
employed herein. The borehole coordinate system has a
z-axis that follows the central axis of the borehole. The
x-axis of the borehole extends perpendicularly from the
central axis through the high side of the borehole. (In a
vertical borehole, the x-axis extends through the north side
of the borehole.) The y-axis extends perpendicular to the
other two axes 1n accordance with the right-hand rule.

FIG. 6 illustrates how the three coordinate systems may
be related. The formation coordinate system X, y5 7, 1s tied
to the formation as explained previously, though due to
symmetry the x- and y-axes can be shifted without affecting
measurement of the formation properties. A borehole pen-
ctrates the formation. The angle between the formation
z-ax1s and the central axis of the borehole 1s called the dip
angle o. The dip azimuth ¢, 1s the angle between the
X ~axis and the projection ot the borehole axis into the x -y,
plane. Because of the previously mentioned symmetry, the
tormation x ~axis can be arbitrarily positioned so that the dip
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azimuth dip 1s zero. (A side eflect of this choice 1s that the
borehole x,-axis becomes contained in Xz, plane of the
formation.)

The z-axis of the tool coordinate system coincides with
the z-axis of the borehole coordinate system. FIG. 7 shows
a number of relationships in the plane of the tool’s x- and
y-axes. The dip azimuth (or “strike”) ¢, 1s the angle
between the tool’s x-axis and the strike-aligned formation
x-ax1s (“x.’). The eccentricity azimuth ¢___ 1s the direction
of the tool’s displacement d__. from the central borehole
axis, relative to the tool’s x-axis. When measured relative to
the strike-aligned formation x-axis, the eccentricity azimuth
1s denoted ¢___°. The borehole diameter 1s d, ;..

Treating FIGS. 4-7 as the basis of a model for predicting
coupling component matrix measurements, the model
parameters are horizontal resistivity of the formation R, (or
horizontal conductivity ©,), vertical resistivity of the for-
mation R, (or vertical conductivity ¢,), borehole diameter
d, .., borechole mud resistivity R_, tool eccentricity dis-
placement d___, tool eccentricity azimuth ¢___, relative dip
angle a, and relative dip azimuth ¢, ,. When shoulder-bed
and boundary eflects are ignored, the model assumes a
circular borehole through an infinitely thick formation.
Numerical simulations of the multi-component induction
log response show that for a given array spacing and
frequency, the foregoing parameters are suflicient. The cou-
pling matrix components depend on the various parameters
in different ways. For example, the C__ component 1s inde-
pendent of the azimuthal angles ¢,.. and ¢;,. This obser-
vation enables the size of the parameter mversion process to
be reduced as 1illustrated 1n FIGS. 8A-8C.

FIG. 8A 1s a flow diagram of an illustrative multi-
component induction logging method, which may be 1mple-
mented by the systems 1illustrated 1n FIGS. 1 and 2. Alter-
natively, systems such as those 1llustrated 1n FIGS. 1-2 may
only acquire the data and communicate 1t to a remote
workstation where the remaining portion of the illustrative
method 1s carried out.

The logging method begins in block 802 with the con-
veyance ol a multi-component induction logging tool along
a borehole, e.g., as a wireline tool or a LWD tool. In block
804, as the tool 1s being conveyed along the borehole, 1t
measures the components of the apparent conductivity ten-
sor as a function of the tool’s position 1n the borehole. Tool
calibration and temperature correction are normally applied
during or shortly after the measurements are acquired. In at
least some cases, the tool sonde further includes instruments
to measure borechole diameter (d, _,.) and borehole fluid
resistivity R . In block 806, the system preprocesses the
conductivity tensor and borehole size logs. Such preprocess-
ing can 1nclude adaptive low-pass filtering to remove high-
frequency measurement noise and/or to correct for homn-
cllect at formation boundaries. In some cases, the boundary
horns may be removed or reduced using the some combined
logs as described 1n U.S. Pat. No. 6,819,112, titled “Method
of combining vertical and horizontal magnetic dipole induc-
tion logs for reduced shoulder and borehole eflects” by
inventors Gilanzero and Gao.

In block 808, the system determines which of two nver-
sion processes should be applied to the acquired data: the
process that assumes a vertical borehole (no relative dip) or
the process that assumes a deviated borehole. Typically, such
a determination would be based on 1mput from an engineer
tamiliar with the logged borehole, but 1t could alternatively
be based on a review of the tool’s orientation indicator logs
or a previous analysis of the acquired data. For example, the

system could first try one of the inversion processes and, 1f
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the results are unsatisfactory, apply the second inversion
process. For vertical boreholes, block 810 1s performed to
determine the unknown model parameters o, 03, ¢, d__._.
and, where needed, d,_, . For deviated boreholes, block 812
1s performed to determine o, ¢, Oz, Ops ¢, d,.., and,
where needed, d, ;..

These model parameters are then employed 1n block 814
to predict tool responses in models with and without a

borehole. The differences between these predicted tool
responses 1s the borehole correction which the system
applies to the measured conductivity tensor in block 816.
Also 1n block 816, one or more components of this corrected
conductivity tensor 1s made accessible 1n the form of a log
to a user. If desired, the conductivity tensor component logs
can also be post processed by other applications to derive
other formation or properties.

FIG. 8B 1s a flow diagram of an illustrative inversion
process 810 for vertical boreholes (1.e., the relative dip
between the borehole and formation 1s a=0). It advanta-
geously splits the high-dimensional inversion problem into
multiple, reduced-dimension inversion steps based on the
particular sensitivity of certain coupling components to
individual model parameters. For example, 1n a vertical
borehole the C__ component 1s 1msensitive to vertical resis-
tivity R, and all of the direct-coupling components (C__,
C.. C,,) are relatively insensitive to tool eccentricity. The
cross components C_, C_, C _, and C_, are almost linearly
dependent on tool eccentricity.

The eccentricity azimuth ¢ . can be solved independently
of other model parameters by a coordinate rotation. Accord-
ingly, the process 1 FIG. 8B begins in block 821 with
setting 1mitial estimates for the unknown model parameters
O, Oy, and, where needed, d, , . The estimates can be set
randomly, or may be guesses based on previous inversion
solutions (e.g., for other nearby borehole positions). Other
alternatives include having typical “average” parameter val-
ues pre-programmed 1nto the software.

In block 822, the system estimates the eccentricity azi-

ec? e ?

muth ¢__ . using the following equation:
_ kxz Cyz — Czy] (3)
qbfﬂﬂ - arcmﬂ( kyz sz _ C.-?;x

where (1n deviated boreholes) k  and k. are parameters that
vary based on o,,, 0, and dip a. For vertical boreholes, the
ratio of the parameters 1s approximately 1, so they can be
neglected 1 block 822.

In block 823, the system determines whether the tool
collected caliper (i.e., borehole diameter) measurements. If
so, the system performs an inversion process in blocks
824-826 to determine horizontal conductivity o,. In block
824, the system determines the expected tool measurement
for the C__ component based on the most recent estimates for
the horizontal conductivity. (This predicted tool measure-
ment 1s hereatter represented as P__ to distinguish 1t from the
actual tool measurement C__.) A whole vector of P__ values
can be determined along the length of the borehole for
comparison with the actual tool measurements. The mver-
s10n process can be performed 1n parallel to simultaneously
determine horizontal conductivity along the length of the
borehole, or it can be done sequentially, treating each
borehole position as an independent inversion problem.

In block 825, the system determines whether an accept-
able value for o, has been found, and i1 not, the estimate for
O, 1s adjusted 1n block 826 and the loop 1s repeated. In at
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least some embodiments, the system repeats the loop as
necessary to find the value of o,, (within a given range of
realistic values) that minimizes the error

=W (P-T)l @

where W__ 1s a vector of weights that de-emphasizes mea-
surements near the upper and lower ends of the logged
interval, and exponent p determines the measurement norm,
usually 2. In other embodiments, the system repeats the loop
as necessary to obtain an error value below a predetermined
threshold.

I the borehole diameter measurements are not available,
the system performs the inversion process 1n blocks 827-829
to determine both horizontal conductivity and borehole
diameter. Prediction block 827 and acceptability block 828
may be essentially the same as blocks 824 and 825, respec-
tively. Update block 829, however, adjusts not only the
horizontal conductivity estimate, but also the current esti-
mate of borehole diameter to minimize the error between the
predicted and measured values of C__.

Once the horizontal conductivity (and possibly the bore-
hole diameter) has been found, the system uses 1t 1n com-
bination with the other estimated parameters to determine a
predicted value in block 830. In at least some method
embodiments, the predicted value 1s for a combination of
direct coupling measurements (C_,, C,, C_,). For example,
suitable combinations include:

P,=C_/C

ZZ3

(5a)

Py=3C,~(C, 4 C,). (5b)

P,=2C, _-C_, (5¢)

In block 831, the system determines whether the optimum
value for o has been found, and 1f not, the estimate for o
1s adjusted 1n block 832. As before, the system may repeat
the loop as necessary to find a realistic value of o, that
minimizes the error between the predicted value of the
combination and the measured value of the combination.

Once both the horizontal and vertical resistivities have
been found, the system determines the tool’s eccentricity
displacement in block 833:

d — D+kl (sz_ sz) +k2 ( sz_ sz)2

ecc

(6)

where k., k,, and k, are parameters determined from a
quadratic programming analysis of tool simulations. The
parameters may be functions of horizontal and wvertical
conductivities and hole diameter, 1n which case a lookup
table may be used to determine the appropriate parameters
for calculating the tool’s eccentricity displacement. Alter-
native embodiments may calculated the d___ from C__ alone
or C__alone.

In block 834, the system determines whether blocks
822-834 should be repeated to refine the estimated model
parameter values. In some cases, the blocks are repeated
until no further change 1s observed 1n the estimated values.
In block 833, a spatial filter may be applied to the o,,, 0y,
¢..., d__., estimates, e.g., averaging neighboring measure-
ments to exploit measurement redundancy. This redundancy
arises because true formation conductivities may be
expected to change slowly 1n the absence of a bed boundary,
and the tool may be expected to have some correlation 1n
eccentricity for adjacent measurements. Consequently more
accurate estimates may be obtained by applying an appro-
priate filter (e.g., an adaptive low pass filter) to the param-
cters before they are used 1n block 814.

The updates 1n each of blocks 826, 829, 832 can be done

systematically (e.g., for an exhaustive search) or adaptively
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(e.g., in a Newton-Raphson search for a mimmimum value).
The determinations of predicted values 1n each of blocks
824, 827, and 830 may preferably be done using a lookup
table having pre-calculated tool responses at each of mul-
tiple grid points 1n the space of realistic parameter values. A
fast high-dimensional spline interpolation method can be
used to determine predicted responses between grid points.

FIG. 8C 1s a tlow diagram of an illustrative inversion
process 812 for deviated boreholes (1.e., the relative dip
angle 1s nonzero). As with the process of FIG. 8B, the size
of the original high-dimensional inversion problem 1s sig-
nificantly reduced based on the particular sensitivity of
certain coupling components to individual model param-
eters. For example, the C_ component 1s msensitive to the
azimuthal angles ¢,.. and ¢,,,. Moreover, the long-spacing
C__ component measurements are relatively insensitive to
d,... especially in o1l-based muds (OBM). The C_ and C_,
component measurements are also somewhat 1nsensitive to
d_..1n OBM, as 1s the quantity (C_+C_)).

Accordingly, the process 1n FIG. 8C begins in block 840
with the system determining the dip azimuth using either of

the following;:

b= L S22 G o
P~ 9 Crc — Cyy
P Em( C,, + Cf_y] (6b)
dip C. +C,.

Preferably, the coupling component values used to calculate
the dip azimuth are those made with one of the relatively
long antenna spacings and a relatively low frequencies.
Once this value has been determined, the coupling compo-
nent matrix may be rotated to determine the corresponding,
measurements for ¢,,=0.

In block 841, the system sets initial estimates for
unknown parameter values for ¢__, d .., o, 0., Oy, and,
where needed, d, _,.. As belore, the estimates can be set
randomly, or may be guesses based on previous inversion
solutions (e.g., Tor other nearby borehole positions). Other
alternatives include having typical “average” parameter val-
ues pre-programmed into the software.

In block 842, the system determines whether the tool
collected caliper (i.e., borehole diameter) measurements. If
so, the system performs an inversion process in blocks
843-845 to determine dip o, horizontal conductivity o,,, and
vertical conductivity o,. In block 843, the system deter-
mines the expected tool measurement for C_, (C_+C_ ), and

ZZ 2

(C+C,,). This last value can be replaced with an estimation
of 2C_-C, ) or [3C_—(C_+C, )]. These values provide the
desired sensitivity to o, 0, Oy, and d, _, . In block 844, the
system compares the predicted values to the measured
values and, if they do not adequately match, the system
updates the estimates for o, 04, and O, to reduce the error
in block 845.

If the borehole diameter measurements are not available,
the system performs the inversion process 1n blocks 846-848
to determine o, 0., O, and d, , . Prediction block 846 and
acceptability block 847 may be essentially the same as
blocks 843 and 844, respectively. Update block 848, how-
ever, adjusts not only the estimates of o, 0, and oy, but also
the current estimate of borehole diameter to minimize the
mismatch between the predicted and measured values of C__,

(C_+C_), and (CH+ny).
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Once an acceptable match between predicted and mea-
sured responses have been found, the system determines the
eccentricity azimuth ¢__ . 1n block 849:

(7)

kxz C yi Czy
Decc = arcta_n( ] + Qg
K ¥z sz — sz g

where (1n deviated boreholes) k _ and k. are parameters that
vary based on o,, 0, and dip . Preferably, the coupling
component measurements used to determine the eccentricity

azimuth are those made with a relatively short antenna
spacing (e.g., 17 mch or 29 inch) and a relatively high
frequency (e.g., 36 kHz or 72 kHz).

In block 850, the system determines the eccentricity
displacement using either of the following:

y C = O (3a)
T kszGS(¢ecc)
Cyz _ Czy (Sb)

ecc —

Kz SIN(Pecc )

In block 851, the system determines whether blocks
842-851 should be repeated to refine the estimated model
parameter values. In some cases, the blocks are repeated
until no further change 1s observed 1n the estimated values.
In block 852, a spatial filter may be applied to the o,,, 0,
¢..., d_ ., estimates, e.g., averaging neighboring measure-
ments to exploit measurement redundancy. The model
parameter values are then passed to block 814 (FIG. 8a).

FIG. 9 shows a formation model that 1s used below to
verily the methods disclosed above. FIG. 9 shows a
sequence of formation layers of gradually decreasing thick-
ness, alternating between a conductive, anisotropic layer
(R,=2 Q2m, R =5R,) and a more resistive, 1sotropic layer
(R,=2 £2m, R =R,). The first two layers are 10 feet thick, the
next two are 9 feet thick, then 8', 7', 6', . . ., 1'. An eight inch
borehole penetrates the formations at a relative dip angle of
50°, with a dip azimuth of 150°. The eccentricity displace-
ment of the tool 1s assumed to be 10% of the borehole

diameter at an azimuth of 30°. The assumed mud resistivity
R_1s 1000 Qm (or OBM). The simulated logging tool

it

includes triaxial sub-arrays (transmitter-receiver separations
of 17" and 80") each operated at 72 kHz. The model assumes
no invasion of borehole fluid into the formation. The simu-
lated nine-component tool responses were determined using
a full three-dimensional finite difference algorithm based on
EM scattered-potential formulas (J. Hou and M. Baittar, “Fast
finite-difference simulation of 3D borehole EM fields using
scattered potentials”, SEG 79th Ann. Mtg, 2009, and J. Hou
et. al., “New scattered potential finite-difference method
with anisotropic background to simulate multicomponent
induction logs”, PIERS 2011 1n Suzhou, China). To validate
the disclosed borehole-correction scheme, a semi-analytical
clectromagnetic solution for 1D layered anisotropic media
was used for producing the tool responses (L. Zhong, L.
Shen, S. L1, R. Liu, M. Bittar, and . Hu, “Simulation of
tri-axial induction logging tools 1n layered anisotropic dip-
ping formations”, SEG 76th Ann. Mtg, 2006).

FIG. 10 shows the raw tool responses simulated for the
model, while FIG. 11 shows the corresponding borehole
corrected responses determined using the method of FIGS.
8A-8C. FIG. 11 also shows the simulated response curves
for the 1D model without a borechole—demonstrating a close
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match with the borehole-corrected responses. FIG. 12 shows
the inverted parameters R, R, dip o and dip azimuth ¢, ,
(“strike’) from the vertical 1D inversion of the MCI mea-
surements. The dip azimuth 1s consistently and accurately
determined. The dip angle 1s determined consistently and
correctly from the 17-1n responses, while the 80-1n response
yields accurate results nearly everywhere except in the
neighborhood of the thinnest layers. The resistivities are
accurately determined for all layers thicker than 3 feet.
Though there 1s an increasing discrepancy in the resistivity
values for the thinner layers, the response curves neverthe-
less distinguish the layers clearly and with good spatial
resolution.

Thus the disclosed real-time borehole correction system
for processing multi-component induction logging data 1s
expected to perform well. The inversion algorithm 1s 1mple-
mented by reducing the original iversion problem of one
high-dimension unknown vector mto a lower-dimension
inversion supplemented with analytical determinations of
those parameters that can be accurately estimated individu-
ally. Numerical tests show this approach reduces the com-
putational complexity of the BHC inversion overall, and
increases the robustness and reliability of the results.

Other contemplated tools include antenna spacings of 6",
10", 17", 29", 50" and 80", with each operating at five
frequencies: 12 kHz, 36 kHz, 60 kHz, 72 kHz, and 84 kHz.
To expedite the computation, the foregoing inversion can be
performed individually for each antenna spacing and fre-
quency. Where greater accuracy 1s desired for the estimated
formation parameter values, particularly where borehole
fluid mmvasion may be expected, the measurements at dii-
ferent frequencies and spacings may be combined as part of
the 1version process.

Numerous other modifications, equivalents, and alterna-
tives, will become apparent to those skilled in the art once
the above disclosure 1s fully appreciated. It 1s intended that
the following claims be interpreted to embrace all such
modifications, equivalents, and alternatives where appli-
cable.

What 1s claimed 1s:
1. A logging method for determining a boundary between
a first formation and a second formation that comprises:
conveving a logging tool mto a borehole, wherein the
logging tool comprises:

a longitudinal tool axis and a perpendicular tool axis,

a tilted transmit antenna, wherein the titled transmait
antenna produces an electromagnetic field;

a tilted receive antenna, which receives a transmitter
recerver coupling measurements that include at least
direct coupling along a longitudinal tool axis (Czz),
direct coupling along a perpendicular axis (Cxx), and
cross coupling along the longitudinal and a perpen-
dicular axes (Cxz);

transmitting an electromagnetic field into a formation
with a tilted transmit antenna;

measuring the transmitter receiver coupling between the
tilted transmit antenna and the tilted receive antenna;

combining a plurality of the coupling measurements to
obtain an mversion parameter;

performing an inversion process to determine a vertical
conductivity based at least in part on the inversion
parameter;

determining borehole corrections by multi-component
induction logging data from said multi-component
transmitter receiver coupling measurements based at
least 1 part on said vertical conductivity;
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displaying a log based at least 1n part on at least one of
said borehole corrections; and

displaying a boundary between a first formation and a
second formation.

2. The method of claim 1, wherein the inversion param-
eter 1s 1 a set consisting of Cxx/Czz, 2Czz-Cxx, and
3Czz—-(Cxx+Cyy).

3. The method of claim 1, wherein the inversion param-
eter 1s 1 a set consisting of Cxz+Czx and Cxx+Cyy.

4. The method of claim 3, wherein the 1nversion process
further determines horizontal conductivity and dip, and
wherein the mversion process 1s further based on Czz and at
least one of 2Czz-Cxx and 3Czz—(Cxx+Cyy).

5. The method of claim 4, further comprising determining,
borehole diameter as part of said inversion process if the
borehole diameter was not measured by the logging tool.

6. The method of claim 4, further comprising determining
an eccentricity azimuth based at least in part on the ratio
(Cyz—Czy)/(Cxz-Czx).

7. The method of claim 6, further comprising adjusting the
ratio based at least in part on an estimate value of dip,
horizontal conductivity, or vertical conductivity.

8. The method of claim 6, further comprising determining,
an eccentricity displacement based at least in part on the
difference (Cxz—Czx).

9. The method of claim 1, further comprising processing
the coupling measurements to reduce a horn effect before
performing the mversion process.

10. The method of claim 1, wherein the vertical conduc-
tivity 1s determined as a function of borehole position, and
wherein the method further comprises applying a spatial
filter to the vertical conductivity before determining the
borehole corrected values.

11. The method of claim 2, further comprising:

determining that an expected dip angle 1s near zero; and

inverting a Czz component to determine a horizontal
conductivity before performing said inversion process
to determine a vertical conductivity.
12. The method of claim 11, further comprising estimat-
ing an eccentricity displacement based on a quadratic func-
tion of Cxz and Czx.
13. A logging system that comprises:
a logging tool having a longitudinal tool axis and a
perpendicular tool axis, the tool having an antenna
arrangement that provides, as a function of tool posi-
tion 1n a borehole, transmitter receiver coupling mea-
surements that include at least direct coupling along the
longitudinal tool axis (Czz), direct coupling along the
perpendicular axis (Cxx), and cross coupling along the
longitudinal and perpendicular axes (Cxz);
at least one processor that:
combines a plurality of the coupling measurements to
obtain an inversion parameter performs an inversion
process to determine a vertical conductivity based at
least 1n part on the inversion parameter;

determines borehole corrections by multi-component
induction logging data from said transmitter-receiver
coupling measurements based at least in part on said
vertical conductivity;

provides a log based at least in part on at least one of
said borehole corrections; and

provides a display of a boundary between a first for-
mation and a second formation.

14. The system of claim 13, wherein the processor 1s
coupled to a user interface to display said log.
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15. The system of claim 13, wherein the inversion param-
eter 1s 1 a set consisting of Cxx/Czz, 2Czz-Cxx, and

3Czz-(Cxx+Cyy).

16. The system of claim 13, wherein the inversion param-
eter 1s 1n a set consisting of Cxz+Czx and Cxx+Cyy.

17. The system of claim 16, wherein the inversion process
turther determines horizontal conductivity and dip, and
wherein the 1mnversion process 1s further based on Czz and at
least one of 2Czz-Cxx and 3Czz—(Cxx+Cyy).

18. The system of claim 17, wheremn the at least one
processor further determines a borehole diameter as part of
said 1nversion process 1 the borehole diameter was not
measured by the logging tool.

19. The system of claim 17, wherein the at least one
processor further determines an eccentricity azimuth based

at least 1 part on the ratio (Cyz—Czy)/(Cxz-Czx).

20. The system of claim 19, wherein the at least one
processor adjusts the ratio based at least in part on an

estimated value of dip, horizontal conductivity, or vertical
conductivity.

21. The system of claim 19, wherein the at least one
processor further determines an eccentricity displacement
based at least in part on the difference (Cxz-Czx).

22. The system of claim 15, wherein the at least one
processor further determines whether an expected dip angle
1s near zero, and 11 so, mverts a Czz component to determine
a horizontal conductivity before performing said inversion
process to determine the vertical conductivity.
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23. The system of claim 22, wherein the at least one
processor fTurther estimates an eccentricity displacement
based on a quadratic function of Cxz and Czx.
24. A logging system that comprises:
a logging tool having a longitudinal tool axis and a
perpendicular tool axis, the tool having an antenna
arrangement that provides, as a function of tool posi-
tion 1 a borehole, transmitter receiver coupling mea-
surements that include at least direct coupling along the
longitudinal tool axis (Czz), direct coupling along the
perpendicular axis (Cxx), and cross coupling along the
longitudinal and perpendicular axes (Cxz);
at least one processor that:
combines a plurality of the coupling measurements to
obtain an inversion parameter performs an inversion
process to determine a vertical conductivity based at
least 1n part on the mversion parameter, wherein the
inversion parameter 1s 1n a set consisting ol Cxx/Czz,
2Czz-Cxx, and 3 Czz—-(Cxx+Cyy);

determines borehole corrections by multi-component
induction logging data from said transmitter-receiver
coupling measurements based at least in part on said
vertical conductivity;

provides a log based at least in part on at least one of
said borehole corrections:

provides a display of a boundary between a first for-
mation and a second formation; and
a user interface which 1s coupled to the at least one
processor to display said log.
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